The annihilation behavior of micro pores in an aluminum alloy casting during surface cold working was continuously observed using the synchrotron radiation microtomography. To analyze micro pore annihilation behavior, the displacement of artificially dispersed particles was measured and thereby local strain distributions were mapped in high-density. A peening treatment annihilated most of the micro pores with a diameter of over 10 mm in the upper part of the specimen that could initiate fatigue cracks. The annihilation behavior of the micro pores could be understood as a function of effective strain locally accumulated around them, and not as a function of local hydrostatic strain. The effective strain varied significantly, with some large pores remaining where local effective plastic strain was relatively low. The complete annihilation of large pores in the surface layer suggests that the application of sufficiently long surface cold working is effective in improving the high-cycle fatigue properties.
Introduction
Macro and micro pores 1, 2) present in metals that are formed from a liquid or solid phase are called primary and secondary pores, respectively. The former are described in terms of the amount of hydrogen, the cooling rate during solidification and the solidification temperature range, and can be prevented.
3) However, the latter are fine and the factors affecting their formation and growth behavior and their physical properties are yet to be fully understood.
For the past few years, we have focused on these old and new problems using the high-resolution four-dimensional imaging with synchrotron radiation. For example, it is known that micro pores are directly formed on dispersed particles as the result of heterogeneous nucleation during solidification or the initial stage of heat treatment; the initial micro pore size is determined by the equilibrium between internal hydrogen pressure and surface tension; and exhibits significant Ostwald growth. 4) For a typical amount of hydrogen (0.3 cc/100 g Al), supersaturated hydrogen is trapped at dislocations or interstitial positions around micro pores while with higher hydrogen content, they are trapped predominantly by solute atoms or at interstitial positions. 4) This contradicts the conventional theory 1, 3, 5) which states that vacancies must be present for micro pore formation.
It is known that micro pores of a few to a few tens of micrometers in diameter play a significant role in ordinary ductile fracture, which has been thought to result from particle damage 6, 7) as well as initiate fatigue cracks and reduce fatigue strength. 8) Therefore, annihilating micro pores by plastic working is expected to lead to an effective method of improving the mechanical properties of a material. This approach has not yet attracted attention. The residual, contraction, annihilation and re-initiation behaviors of micro pores when a material as a whole is subjected to plastic working such as rolling have been investigated in detail. Even uni-axial loading causes a highly non-uniform threedimensional strain distribution, making the annihilation behavior of micro pores very complex. 9) Fatigue strength can be significantly improved simply by annihilating near-surface micro pores. It is well known that fatigue properties can be improved by the effect of residual compressive stress from surface cold working such as shot peening. However, the severe cold working of aluminum alloy castings may cause the fracture of brittle intermetallic compounds such as silicon and AlFe(Mn)Si particles, resulting in fatigue crack initiation and subsequent accelerated crack propagation. 10) This study observed the changes that occurred in micro pores in an aluminum alloy casting during surface cold working using the high-resolution X-ray microtomography. This technique is excellent in that it allows not only the four-dimensional (i.e., three-dimensional time evolution) observation of the inside of a material but also the highdensity mapping of internal mechanical quantities by tracing the physical displacement of dispersion particles. [11] [12] [13] 2. Experimental Method
Sample and its surface cold working
The chemical composition of the material used was Al-6.9%Si-0.4%Mg-0.13%Ti-0.1%Pb-0.08%Fe-0.01%Zn in mass%. The material was cast, adding lead to an AC4CH aluminum alloy casting for the visualization of local strain. Lead is easy to absorb X-rays, soft and does not significantly affect the deformation of the matrix aluminum, and is finely dispersed during casting. Therefore, it is a suitable additive for the visualization of local strain. After casting, the specimen was solution treated at 813 K for 216 ks, cooled in water, and aged at 443 K for 72 ks. The purpose of the very long solution treatment time was to coarsen micro pores as much as possible. Our previous paper reported that the average micro pore size in an Al-5%Mg alloy was 3.6 mm immediately after homogenization, and increased to 12.2 mm after solution treatment at 823 K for 324 ks, and the micro pore volume fraction increased roughly tenfold. 4) AS treatment, 14) namely one of peening processes, was used for surface cold working. In this treatment, plastic working was applied to the surface of a work piece by vibrating a cylinder containing the work piece and steel balls. The balls were 8 mm in diameter. The specimen was a cylinder, 1 mm in diameter and about 5 mm long, with the casting surface remaining at the top. A jig of the same material with a 1 mm hole was prepared and a specimen was inserted until its casting surface was aligned with the jig surface. Then, the specimen was peened and removed for X-ray microtomography. The specimen was peened for 0, 30, 60, 240, and 420 s sequentially. Subsequently, an additional heat treatment was employed at 813 K for 14.4 ks and the specimen was scanned again. Since our previous paper reported that if micro pores are not sufficiently healed, heat treatment causes them to grow again, 9) the additional heat treatment was used to confirm that the micro pores were completely healed. Even if the micro pore size is smaller than the finite spatial resolution of an imaging setup, micro pore closure can be confirmed with this additional heat treatment without failure.
In-situ X-ray microtomography
An experiment was performed using the BL47XU and BL20XU beam lines of SPring-8, a third-generation synchrotron radiation facility. The experimental setup and the microtomography conditions have already been reported elsewhere. 4, 9, 12) The high-resolution detector consisted of a 4000Â2624 pixel cooled-CCD camera (used in the 2Â2 binning mode), an Lu 2 SiO 5 :Ce scintillator, and a 20Â optical lens. The experiment employed 20 keV X-rays monochromatized by a double-crystal monochromator using the Si (111) surface. The distance between the specimen and the detector was 20 mm. The detection capability for micro pores was optimized using the deflection contrast technique. 15) 1500 radiographic images were obtained while the specimen was rotated 180 degrees. An identical top portion of the specimen, which has a height of 650 mm, was observed repeatedly. The final voxel (i.e., three-dimensional pixel) size was 0.5 mm 3 .
2.3 Four-dimensional image analysis and tracking technique The micro pores and lead particles in the obtained threedimensional images were separated by segmentation. All of the micro pores and lead particles were labeled from segmented images, and the volume, surface area and position of the center of gravity were measured. The volume and surface area of the micro pores and lead particles were calculated by the Marching Cubes method, 16) which provides a polygonal approximation by dividing a surface with a certain pixel value into 14 flat patterns. Those with a volume of over 6.67 voxels were considered to be micro pores or lead particles, taking account of the effect of noise in the image.
Each lead particle was tracked in all of the images obtained from before loading to after the final heat treatment based on the position of its center of gravity, volume and surface area. Previous work 13, 17) provides the details of this particle tracking method. Tetrahedrons with all the lead particles in the scanned area as vertices were created by Delaunay tessellation technique 18) to calculate the strain. All the strain components were calculated from the displacement of the vertices of the tetrahedrons, assuming that the displacement in the tetrahedron is a linear function. Figure 1 shows the appearance of the specimen before and after peening and the final heat treatment. The rough surface of the specimen results from the repeated insertion and removal from the jig that is performed before and after each surface hardening treatment. For example, the vertical lines visible toward the left side of the specimen after 60 s surface hardening appear to be scratch marks by tweezers. However, the cylindrical shape, flat top surface and initial diameter of the specimen are generally retained, indicating that despite the small specimen size, compression caused by the impact of the balls which were much larger than the tomographic specimen, was well simulated. This can be also confirmed by the results of the visualization of the displacement field and plastic strain distribution, which are described later. Figure 2 shows the change in micro pore distribution obtained by extracting only the micro pores from the threedimensional images. The micro pores identified in Fig. 2 are relatively large due to its low magnification. The number of large pores to a depth of 0.3 mm from the surface gradually decreases as a result of the surface hardening treatment and they appear to be nearly all annihilated after 420 s of surface hardening. The number of smaller micro pores appears to be increasing near the top surface during the subsequent heat treatment. However, in the upper half of the tomographic specimen there appears to be neither significant micro pore formation nor a micro pore size increase except the above-described sub-surface region. Even in the lower half of the specimen, some of the relatively coarse pores more or less shrink over time. Figure 3 is a histogram of the micro pore size at each stage. Large pores of over about 9 mm in diameter present in the upper half of the specimen were successively annihilated by the surface cold working and completely annihilated after 420 s of surface hardening. The average micro pore volume was nearly halved in the lower third of the specimen. Although it might be caused partly due to the effects of the finite spatial resolution of the present imaging set-up, the micro pores appear to break into smaller sized micro pores one after another, resulting in an increasing number of smaller micro pores. During the subsequent heat treatment, the number of micro pores decreased due to the Ostwald ripening and the micro pore size increased slightly. Figure 4 is an enlarged view of micro pore re-initiation observed in the surface layer (Region D in Fig. 2) . The micro pores re-initiated in the surface layer after the final heat treatment are in direct contact with the eutectic silicon particles. This is probably because the micro pores grew again owing to the heat treatment in the region of the specimen from which they had not been completely annihilated as a result of the matrix deformation being constrained by the particles, or because the micro pores had been completely annihilated once but heterogeneously nucleated again on the silicon particles. Figure 2 (f) shows micro pores that re-initiated only in the vicinity of the surface, suggesting that the latter suggestion is correct. Therefore, in any case, the reason why only the sub-surface micro pores appear to be re-initiated is the lack of constraint due to the presence of free surfaces. Similar behavior has been observed during hot and cold rollings in the previous research in which micro pores located in the peripheral layer of a specimen remained due to the effects of specimen surfaces. Anyway, it can be concluded that the number of re-initiated micro pores was quite limited and the micro pore size was not large with the exception of the surfacespecific re-initiation behavior, indicating that the micro pores were annihilated by 420 s of surface cold working. Figure 5 shows the deformation of the aluminum alloy that is shown as the initial and the overall physical displacements of all the lead particles during the surface cold working. In the initial stage, displacement in the radial direction from the center is observed in the upper 1/2 to 1/3 of the tomographic specimen. The fact that the top surface of the specimen is slightly dented at the center, as shown in Fig. 1(b) , suggests that a steel ball hit the center of the specimen surface during the initial 30 s of surface cold working, causing the specimen to deform thus increasing its diameter at the top. On the other hand, there is little displacement of other parts of the specimen. In Fig. 5(b) , which shows the displacement that had accumulated until the final stage of the surface cold working, a large displacement can be seen throughout the tomographic specimen. Characteristically, the displacement direction appears to change frequently and in a complicated way in the upper half of the specimen. In addition, the region in which the displacement field is considered to be almost random extends to about 1/3 of the specimen length from the top. Note that the physical displacements of all the lead particles have been projected on to the X-ray beam direction in Fig. 5 . This strongly suggests that the specimen was frequently subjected to sufficient plastic deformation over the entire scanned volume of the specimen and to an accumulated multi-axial loading that has been realized by the random impact of steel balls in terms of location. Figure 6 shows the apparent effective strain distributions across the tomographic specimen. The reason for using the phrase ''apparent strain'' is that in the present study, the strain was calculated from the displacement of the lead particles shown in the images obtained discretely at each stage and therefore a large accumulated strain that far exceeded the calculated strain was likely to have occurred due to the repeated surface hardening in different directions. In any case, there are certain regions in the top of the specimen where the apparent strain exceeded 50% after 240 s surface hardening. This condition spread across the most of the specimen after 420 s surface hardening. However, in the region between the center and the bottom of specimen, the strain varies significantly with location. Ji et al. have reported that micro pores are closed with more than 30% reduction during rolling.
Experimental Results

Contraction, annihilation and re-initiation of micro pores
Microscopic material flow
19) It would be roughly consistent with the above results of the present study. As will be described later, it should be, however, associated with local strain around each micro pore. Figure 7 shows the shrinkage and annihilation behaviors of three typical micro pores (Micro pores A-C) together with local strain distributions around the three micro pores shown on virtual cross-sections, representing local mechanical requirements for micro pores to be annihilated. In terms of the variation of void dimension, micro pores A and C located near the vertical center of the field of view for the tomographic observation shown in Fig. 2(a) either remained virtually unchanged and retained its original shape (Micro pore A), or was completely annihilated (Micro pore C), as shown in Fig. 7(a) and (c) . Thus, the two micro pores exhibited contrasting behavior. As shown by the local strain distributions around the micro pores in the figure, this exactly reflects the local deformation of the aluminum matrix around them. Micro pore B, which is located at a position lower than micro pore C, shrank significantly, but remained until 420 s surface hardening. Comparing these contraction and annihilation behaviors, it can be inferred that micro pore annihilation requires the widespread presence of an apparent effective strain exceeding roughly 50% around the micro pores. It has been claimed that interdendritic micro pores in cast aluminum alloys do not completely close through extensive deformation by hot and cold rolling.
Mechanical requirement for micro pore closure
3) It might be probably due to the similar affects of inhomogeneous strain distribution as shown above. If local strain distribution can be monitored in some way, the shrinkage and annihilation behaviors might be therefore described as a function of local strain value. Actually it has been reported by the present authors with respect to a similar local strain distribution during uniform 60% compression that although a macroscopic applied load is compressive, some regions are locally exposed to tension and even in the compressive regions, compressive strain varies between 0 $ 130%. 9) Wide variation in the morphologically variable behaviors of micro pores during the compression has also been attributed to the observed significant scattering in local strain. 
Discussion on Local Mechanical Requirement for
Micro Pore Closure
Mechanical requirement for micro pore closure
The quantitative relationship between metal working and micro pore healing has been well documented in the literature, showing different dominant factors for micro pore closure. [20] [21] [22] [23] [24] [25] For example, Wang et al., 20) Hamzah et al. 21) and Ji et al. 19) simulated micro pore closure during metal forming such as rolling using the finite element simulation. All of them have concluded that high hydrostatic stress is favorable for micro pore closure. Though not equal to the simple extent of hydrostatic stress, Narayanasamy et al. proposed the indices for micro pore closure rate that is based on the plastic instability theory and depends on " m =" eff where " m is hydrostatic strain defined as
where " x , " y and " z are normal strains. Note that the sign of " m is taken as negative in the case of hydrostatic compression. " eff is effective strain defined as;
where xy , yz and zx are shear strains. 22) Nicolaou et al. interpreted micro pore closure during hot working using a simple micromechanical model that predicts strain partitioning between soft and hard grains. 23) They have claimed that stress ratio, m = eff , where m is mean stress and eff is effective stress, is crucial for micro pore closure. Tanaka performed a finite element analysis and concluded that the closure of micro pores during forging can be explained only with the effective strain and the time integral of hydrostatic stress in the region surrounding micro pores. 24) On the other hand, Dudra et al. carried out a finite element simulation to predict the deformation behavior of micro pores during a plane-strain compression. They concluded that the micro pore closure behavior is well described with effective strain rather than hydrostatic stress. 25) In either case, it has been hard to assess the relationship between micro pore closure and local strain with conclusive evidence due to the difficulty in the direct experimental measurement of 3D strain with the conventional experimental approaches. In addition, the localized deformation behavior, such as extensive shear under macroscopic monotonic compression such as shown in Fig. 8 of reference, 9) has not been investigated to date.
In addition, in the ordinary metal working such as forging and rolling, plane strain deformation is more or less realized except surface and its vicinity. In such a case, it can be inferred that both effective and hydrostatic stresses develop in a similar way with applied load. The peening process is however the repetition of local deformation that is inevitably limited to near-surface plane-stress deformation, realizing a severe plastic deformation (i.e. high effective strain) almost without the generation of pure hydrostatic stress. It can be inferred that a similar plane-stress state is available in the in-situ compression of a tiny tomographic specimen that has been reported in our previous paper. 9) In this regard, to better define the relationship between micro pore closure and local stress/strain state, the experiments performed in the present study and reference 9) seem to be ideal.
In order to specify a reasonable local requirement for micro pore closure, volume change of each micro pore is plotted as a function of " m , " eff and " m =" eff in Fig. 8 . All the micro pores observed during the monotonic and uniform compression of the previous study 9) were plotted for each reduction level in Fig. 8 , while only the data for the three micro pores are plotted for the present study. This is because micro pore tracking in the present study was far more inaccurate than that of the previous study performed under uniform compression 9) due to the considerable division of micro pores shown in Fig. 3 .
It would be obvious that the magnitude and sign of " m cannot be associated with the shrinkage of micro pore even with the data for the monotonic compression as shown in Fig. 8(a) . In terms of the evolution behaviors of hydrostatic strain for micro pores A-C, even reversals in the sign of " m are observed in all the three micro pores. Accordingly it is also hard to assess the relationship between " m =" eff shown in Fig. 8(c) and the micro pore shrinkage behaviors, or rather it shows even more indefinite correlation than that shown in Fig. 8(a) . On the other hand, the micro pore volume change is found to be a function primarily of the local effective strain as clearly shown in Fig. 8(b) . There appears to be a linear relationship between " eff and relative volume change of micro pore, ÁV, normalized with initial micro pore volume, V 0 . ÁV=V 0 ¼ 100%, which indicates the complete annihilation of a micro pore, appears to be realized at " eff % 0:4$0:5. Some data points deviate to the right from the linear relationship. Since the strain values shown were calculated from the displacement of the vertices of the virtual tetrahedrons, assuming that the displacement in the tetrahedron is a linear function, it can be inferred that actual strain distribution is more inhomogeneous than the present measurement. In the previous study, it has been clarified that heterogeneous nucleation sites are necessary for hydrogen to form micro pores, and if not, micro pore formation is effectively suppressed. 4) Therefore if a micro pore is directly attached to a relatively coarse particle as a result of its heterogeneous nucleation, local deformation can be suppressed around the micro pore due to the constraint of the plastic flow of the matrix aluminum around the particle. In such a case, local strain value around the micro pore can be significantly lowered than that obtained by means of the present procedure.
Micro pore annihilation behavior
It can be readily assumed that since micro pores are filled only with molecular hydrogen, which provides a strong reducing atmosphere, micro pore healing is realized immediately after inner aluminum surface contact each other due to the lack of surface oxide layer. It is therefore natural that hydrostatic contraction is not indispensable for micro pores to be healed and that flattening under uni-axial compression and/or uni-directional shear is more apt to occur in the ordinary metal working such as rolling and peening in order for micro pores to be closed.
It would be reasonable to assume that the observed micro pores have been in thermal equilibrium during the initial solution treatment where surface tension, , is balanced by an opposing gas pressure inside a micro pore, P, as follows:
If is assumed to be 1.16 N/m, which is the measured value for the (111) face of aluminum, 4) P ¼ 0:52 MPa is obtained for a relatively coarse micro pore of 9 mm in diameter and the gas pressure increases with micro pore shrinkage. It is wellknown that lattice interstices, dislocations, vacancies, solute atoms, precipitates and high-angle grain boundaries are assumed to be trap sites for hydrogen in aluminum in addition to micro pores. Hydrogen stored in normal interstitial lattices and other trap sites should, according to Oriani's theory, always be in equilibrium. 4) When external compression is applied to a specimen, this equilibrium is assumed to be lost. To restore the state of equilibrium among the trap sites again, internal molecular hydrogen should be dissociated into hydrogen atoms and dissolved into the aluminum alloy at least once. Although the diffusion of hydrogen is relatively fast even at room temperature, it might take some time for hydrogen atoms to reach appropriate trap sites after desorption from micro pores. It is also reasonable to assume that hydrogen solubility is lowered under hydrostatic compression. It can be, therefore, inferred that the generation of local hydrostatic stress around a micro pore might exert a negative effect on micro pore closure in this regard.
Conclusion
The annihilation behavior of the micro pores in an aluminum alloy casting during surface cold working was continuously observed using the synchrotron radiation microtomography. To analyze the micro pore annihilation behavior, the displacement of artificially dispersed particles was measured and the local strain distributions in the material were measured as high-density mapping.
The peening treatment was performed repeatedly to induce the plastic deformation, and the effective plastic strain reached 50 to 80%. The actual accumulated plastic strain is expected to far exceed this value. Peening resulted in the annihilation of most of the micro pores in the upper part of the specimen. Specifically, micro pores of over 10 mm capable of initiating fatigue cracks were completely annihilated. The re-initiation of micro pores was observed on silicon particles as the result of additional heat treatment, but was very limited. However, it was confirmed that at least coarse pores present in the specimen before surface cold working were completely annihilated during surface cold working. The annihilation behavior of micro pores was dependent on the extent of the local plastic deformation of the aluminum matrix around them, and it varied significantly, with large pores remaining in some regions in which the apparent effective plastic strain was below 50%. The shrinkage/annihilation behaviors of the micro pores could be interpreted as a function of local effective strain, while hydrostatic strain could not be associated with them. The complete annihilation of large pores in the surface layer suggests that the application of sufficient surface cold working is effective in controlling fatigue cracking and, especially for improving the high-cycle fatigue properties.
